Abstract. Ion-beam loss induced desorption is a well known intensity limitation for low charge state heavy ion accelerators. Therefore dedicated measurements were performed, e.g., at CERN and at GSI in the last few years. In this work we will summarize results obtained at GSI with a focus on a observed scaling of the desorption yield with the electronic energy loss of the incident ion in the target material.
INTRODUCTION
For the GSI Future Project FAIR a beam intensity of 10 12 U 28+ ions per second is planned to be extracted from the GSI heavy ion synchrotron SIS18. Measurements performed in 2001 showed that the beam lifetime of the ions in the synchrotron is decreasing with increasing number of injected particles [1] . This is caused by pressure rises due to ion beam-loss induced desorption: the primary beam hits, e.g., aperture limiting devices and gas is released. Along this way the number of charge exchanged particles -which get lost after the dipole magnets-will grow and will probably trigger vacuum instabilities. During last years experiments were performed to study desorption yields under high energy ion bombardment on various materials with different surface treatments in dedicated test stands at GSI [2] as well as at CERN [3, 4, 5] . In the following we will present measurements done at the GSI high charge state injector (HLI) for carbon, chromium and lead ions at 1.4 MeV/u and SIS18 results for uranium bombardment at energies between 15 and 1000 MeV/u.
EXPERIMENT
The experimental setup, shown in Fig. 1 , consists of three differential pumping stages and the experimental chamber containing the samples, mounted on a linear and rotational feedthrough. Additionally, the experimental chamber is equipped with a pressure (extractor) gauge and a residual gas analyzer (RGA) to measure the total pressure increase and the partial pressure distribution dur- ing ion bombardment. The experimental chamber is connected to differential pumping stages by a conductance limiting pipe with a length of 825 mm and a diameter of 38 mm to guarantee a well known pumping speed of about 20 l/s for H 2 and 5.5 l/s for N 2 . The differential pumping stages are necessary to reduce the high pressure from the beamline (10 −7 mbar) to the experimental chamber (10 −10 mbar). The test stand is separated from the accelerator by a sector valve and in situ baked to 300 0 C for 48h. At the HLI setup the focus was adjustable by an x,y-collimator and the beam current was measured by a current transformer after the collimator. The setup was slightly modified for the SIS18 experiment: the collimator and the current transformer were dismounted, since the beam was fairly adjustable by a quadrupole magnet in the beamline to the experiment, which was additionally already equipped with a transformer. In both installations the beam position and focus was monitored by an Al 2 O 3 fluorescence screen mounted on the target holder. All measurements presented here were performed at perpendicular incidence. For each measurement a new, unused target was selected to avoid uncertainties due to cleaning effects. The target thickness was chosen to be larger than the penetration depth of the projectile ions.
EXPERIMENTAL TECHNIQUE
There are two possibilities to measure the yield of the ion-beam loss induced desorption:
• single shot measurements • continuous bombardment measurements
In the single shot mode the target is exposed to only one bunch of ions with a typical length of 500 ns to 5.5 ms. The desorption yield can be derived from the total pressure increase ∆p using the ideal gas law in the form
where V is the volume of the experimental chamber, N the number of particles in the pulse, k the Boltzmann constant and T the temperature. Between two shots the desorped gas is pumped away through the conductance, but concerning the peak value pumping speed is neglected due to the short time scale. This is guaranteed by the small pumping speed through the conductance. A typical single shot spectrum is shown in Fig. 2 (first 15 min.). Clear pressure peaks are visible for each shot. The decay time mirrors the pumping speed applied by the conductance, which depends on the partial pressure distribution. The corresponding transformer signal is shown in the upper part of the figure.
In the continuous bombardment mode the target is exposed continuously with repetition rates between a few seconds (SIS18) and 50 Hz (HLI). Here, the desorption yield can be derived using the slightly modified formula
where the volume V is now replaced by the well defined pumping speed S and the number of ions per pulse N by the ion fluxṄ. A typical continuous bombardment measurement for 1 Hz repetition rate is also shown in Fig. 2 . Here, the pressure is increasing with the first pulses on the target and keeps on the high level, since the applied pumping speed is to low in order to pump the desorbed gas between two pulses. One can also notice that, due to accumulation effects of the desorped gas, the pressure increase ∆p during continuous bombardment is higher compared to single shots. A further clearly visible effect is the so called "beam-scrubbing": after a certain dose of ions the pressure increase starts to drop again (even if the beam current is slightly increasing like in Fig.  2 ). This behavior can be explained by cleaning effects of the target under ion bombardment. In this typical example the cleaning effect was leading to a pressure drop of less than ∆p ≈ 1 · 10 −8 mbar after an ion flux of around 1 · 10 14 ions. In the following we will present effective desorption yields from single shot and continuous bombardment measurements obtained at HLI and SIS18 of GSI. "Effective" means, that all values derived from single shot or continuous bombardment measurements might have the same systematic error, e.g., from the pressure measurement, the pumping speed used in formula (2) (which depends on the partial pressure distribution) or from the different current transformers used at the HLI and the SIS18 experiments. Also desorption yield values from single shot and continuous bombardment might not be compared quantitatively, since the pumping speed dependency on the patial pressure distribution is not considered in formula (2) . All total pressure measurement were performed using an extractor ionization gauge calibrated to nitrogen, without corrections concerning the real partial gas distribution. The measured pressure increase ∆p and the effective desorption yield η e f f are therefore "nitrogen equivalents".
HLI RESULTS
In Fig. 3 results from the HLI experiments with C 2+ , Cr 7+ and Pb 27+ ions are presented. The desorption yields are derived out of single shot measurements using formula (1). All measurements are for 1.4 MeV/u ion impact: the effective desorption yield varies between η e f f = 3 to 3000 molecules/ion as a function of the projectile ions mass, atomic number and/or charge state and the target material. Although two significant phenomena are visible: The variation in the desorption yields of the different targets for a given projectile is small compared to the variations for different projectiles bombarding the same target material. In order to study this phenomena in more detail, calculations on the electronic stopping power of the three different projectile ions in stainless steel where performed using the CMEE library [6] . The stopping power describes the energy loss (dE/dx) of the projectile in matter as a function of the target material, the projectiles mass and atomic number and its incident energy. In the investigated energy regime the electronic energy loss, caused by interactions of the projectile with free and bound target electrons is dominating, whereas the nuclear energy loss, caused by elastic and inelastic nuclear scattering can be neglected [7] . Whereas the initial charge state of the projectile is not considered, the charge state evolution, respectively the dynamical charge state equilibrium is taken into account using the empirical formula of Hubert, Bimbot and Gauvin [8] . The results for impact energies above 1 MeV/u are shown in Fig. 4 . The comparison of the calculated values for the electronic energy loss with the desorption yield results shows a (dE/dx) 2 scaling for the different projectiles as one can see from Tab. 1: in the third column the electronic energy loss is normalized to the lead value of η e f f = 1900 molecules/ion and desorption yield values are predicted for the Cr and the C projectiles considering a (dE/dx) 2 scaling, which are in good agreement with the measurements. This gives a hint, that desorption is linked to the energy loss of the projectile in the material. But one has to keep in mind, that no initial charge state dependence was considered in the calculation, whereas a charge state dependence of the desorption yield is reported in [4] .
SIS18 RESULTS
In the plasma physics cave HHT of SIS18 we have measured the energy dependence of the desorption yield in collisions of U 73+ ions with 6082 aluminum, 316LN stainless steel, P506 stainless steel and OFE copper at energies between 15 and 1000 MeV/u. SIS18 was providing a mean number of 2.4 x 10 8 U 73+ particles per pulse every 3.9 sec. (7.2 x 10 7 particles/sec.). The corresponding pressure increase ∆p was about 1 x 10 −10 mbar. The partial pressure distribution for H 2 , CH 4 , CO and CO 2 was recorded simultaneously using the residual gas analyzer. Only a partial pressure increase for CO and CH 4 was detected on a H 2 dominated background.
The results of continuous bombardment measurements are shown in Fig. 5 . All data points are derived from total pressure measurements done with the extractor gauge in the experimental chamber (see Fig. 1 ). One can clearly see that the desorption yield is dropping with increasing projectile energy in the regime investigated. As mentioned above, the pressure increase signal was comparable low. For this reason conservative (relative) errors between 30 % and 50 % are assumed. There are no data points available for impact energies of 408 and 1000 MeV/u, since there was no gaugeable signal. An upper limit for the effective desorption yield for these energies can be given to be less than 200 particles per incident ion for all targets. This behavior might again be explained by the energy loss dE/dx of the projectile in- 6. Electronic energy loss of U in Al, stainless steel and Cu for energies between 10 and 100 MeV/u calculated using the CMEE-Library [6] . All values are well above the Bragg-peak.
side the first nanometers of the material, plotted in Fig. 6 . The energy regime investigated, is well above the BraggPeak and only electronic energy loss is relevant. Therefore the energy loss is also decreasing with increasing projectile energy and again a (dE/dx) 2 scaling is observed. Concentrating on the 15 MeV/u value, one can also notice, that the highest desorption yield is recorded for aluminum and the lowest for Cu, whereas the stainless steel types 316LN and P506 are in between. Also this ranking might be explained by the different electronic energy losses in the materials investigated (compare Fig. 6 ), already discussed for the HLI results.
OUTLOOK
The results presented here are showing for the first time a scaling of the ion-beam loss induced desorption yield with the electronic energy loss of the projectile at normal incidence.
On the basis of the HLI results it was shown, that the desorption yield of a given material is scaling with the electronic energy loss of the incident ion. With the SIS18 results we have also shown, that the desorption yield for a given projectile ion at different incident energies is also scaling with the electronic energy loss. In both cases a (dE/dx) 2 scaling was observed.
In order to proof the SIS18 results, we propose to repeat the experiment with a reduced base pressure and higher projectile current from SIS18. This will allow us to get more pronounced signals with better accuracy and also data points for higher energies.
In addition we would like to measure the angular dependence of the desorption yield. If the desorption yield is really linked to the energy loss of the projectile inside the material, the yield has to be higher for grazing incident, as measured at CERN [4] , since the deposited energy of the projectile on its path through the target until it gets stopped is in this case always close to the target surface. So, a higher perturbation in surface-near layers has to be considered.
